This paper studies stabilization of low-period unstable periodic orbits (UPOs) in a simplified model of a current mode H-bridge inverter. The switching of the inverter is controlled by pulsewidth modulation signal depending on the sampled inductor current. The inverter can exhibit rich nonlinear phenomena including period doubling bifurcation and chaos. Our control method is realized by instantaneous opening of inductor at a zero-crossing moment of an objective UPO and can stabilize the UPO instantaneously as far as the UPO crosses zero in principle. Typical system operations can be confirmed by numerical experiments.
Introduction
A current mode H-bridge inverter is a fundamental DC-to-AC converting circuit whose applications include AC machine drivers and uninterruptable power supply systems [Vithayathil, 1995; Rahman et al., 2003] . There exist a variety of control schemes to control inverters and the pulse-width modulation (PWM) is known as a basic one [Razali et al., 2002; Shimazu & Saito, 2005] . However, the operation of the PWM inverters is to be unstable if parameter(s) setting is not suitable. In order to realize stable and reliable operations, effective stabilization methods have been studied [Rahman et al., 2003; Iu & Robert, 2003 ]. On the other hand, the PWM inverters can exhibit interesting nonlinear phenomena including bifurcation and chaos [Iu & Robert, 2003] . Analysis of the phenomena is important from both fundamental and practical viewpoints. The inverter can be regarded as a class of switched dynamical systems having rich nonlinear behavior [Branicky, 1998; Saito et al., 2000] and the analysis may be a trigger to develop the study of dynamical systems.
This paper presents an extremely simple method to stabilize low-period unstable periodic orbits (UPOs) of a simplified model of a PWM current mode H-bridge inverter. In Sec. 2, we introduce the inverter in [Iu & Robert, 2003 ] and overview its behavior. The circuit dynamics can be described by a dimensionless piecewise linear equation and essential system parameters are clarified. Then the dynamics is integrated into a 1-D return map whose fixed point corresponds to the objective low-period UPO to be stabilized. In Sec. 3, we present the stabilization method by zero-cross instantaneous state setting method (ZC-ISS). The ZC-ISS is realized by instantaneous opening of an inductor at a zerocrossing moment of the objective UPO. We then clarify parameters and initial condition to guarantee availability of the ZC-ISS. Typical system operations can be confirmed by numerical experiments.
The ZC-ISS can be regarded as a simplified version of instantaneous state setting method (ISS, [Torikai et al., 1996; Nakagawa & Saito, 1998 ]) that has been presented to stabilize desired UPOs of nonpractical systems by shorting a capacitor. There exist a variety of methods to stabilize UPOs of chaotic systems: Ott-Grebogi-Yorke [Ott et al., 1990] , Occasional proportional feedback [Hunt, 1993; Saito et al., 1995] , time-delayed feedback [Pyragas & Tamasevicius, 1993] , periodic parameter(s) perturbation [Li & Chern, 1996] [ Poddar et al., 1998 ] and so on. As compared with these methods, the ZC-ISS is much simpler and can stabilize low-period UPO instantaneously as far as the objective waveform crosses zero.
Unstable Behavior of An H-Bridge Inverter
Figure 1 shows a simplified model of a PWM current mode H-bridge inverter. It has four switches S 1 to S 4 and there exist two possible states:
Let T be a period of a clock signal and let d n be the duty cycle of a PWM signal for nth period t ∈ [nT, (n + 1)T ). As shown in Fig. 1 the duty cycle d n depends on the sampled inductor current at time nT where 0 ≤ d n < 1. The switches are State 1 for nT ≤ t < (n + d n )T , are State 2 for (n + d n )T ≤ t < (n+1)T , and repeat in this manner. The circuit dynamics is described by Eqs. (1) and (2).
where the following dimensionless parameters and variables are used.
It should be noted that the original six parameters Fig. 2 . Since x n+1 is determined by x n , we can define the 1-D return map x n+1 = f (x n ) that is useful for analysis. Using piecewise exact solutions we can derive the map as the following. where α ≡ e −a . Typical shapes of the map are shown in Fig. 2 . As parameter varies, the system exhibits rich bifurcation phenomena as suggested in Fig. 3 .
Zero-Cross Instantaneous State Setting Method
As shown in Sec. 1, there exist a variety of methods to stabilize desired UPOs [Ott et al., 1990; Hunt, 1993; Pyragas & Tamasevicius, 1993; Li & Chern, 1996] . We have also studied ISS that can stabilize a desired UPO by simply setting a capacitor voltage to a prescribed value on the UPO [Torikai et al., 1996; Nakagawa & Saito, 1998 ]. It is pretty hard to stabilize high-period UPO because instability increases as period becomes higher. However, it is significant to stabilize low-period UPOs if the stabilization has some meaning from practical and/or fundamental viewpoints. This paper considers the stabilization problem focusing on the three points:
• The method is simple.
• The object is stabilizing low-period UPOs.
• The objective system is simple and relates to practical systems.
We then present the ZC-ISS as an example of the simple methods and use the simplified H-bridge inverter in Sec. 2 as the objective system. Stabilizing low-period UPOs of this inverter through the ZC-ISS is a fundamental step to establish stabilization technique for a class of practical inverters. The outline of our strategy is illustrated in Fig. 4: (1) The objective UPO is period T for t (period 1 for τ ) and corresponds to the fixed point of the return map:
(2) The UPO has two zero-crossing phases τ 1 T and τ 2 T for 0 ≤ t < T (τ 1 and τ 2 for 0 ≤ τ < 1). (3) The UPO is stabilized by instantaneous opening of an inductor at phase τ 2 T at which i increases (at phase τ 2 at which x increases). That is, the switch S opens instantaneously only at t = T 2 + nT .
In the dimensionless system, the UPO starts from x p at τ = 0, crosses zero twice, and returns to x p at τ = 1. Since the system is piecewise linear, the dimensionless switching phase τ 2 of the ZC-ISS can be calculated:
For existence of the zero-crossing moments τ 1 and τ 2 , we have the following sufficient condition:
We have confirmed that this condition is satisfied in Figs Fig. 4 . The zero-cross instantaneous state setting method. Switch S is opened instantaneously at which impulse P arrives. UPO increases (S 1 = S 3 = ON) at time τ 2 , stabilizing UPO is possible for the initial value for which the orbit increases at time τ 2 , i.e.
0 < d n (x(0)) < τ 2 .
This gives initial condition for which the ZC-ISS is available. As shown in Fig. 5 this stabilization is instantaneous and the desired UPO is stabilized for τ > τ 2 .
Conclusions
We have studied the ZC-ISS to stabilize lowperiod UPOs in a simplified model of a PWM current mode H-bridge inverter. It is realized by instantaneous and periodic opening of an inductor at the zero-crossing moment of the desired UPO. It is much simpler than existing methods and the stabilization is achieved instantaneously. We have given sufficient condition for parameters and initial value that guarantees the stabilization. Future problems include generalization of the ZC-ISS, implementation of a test circuit and applications to practical circuits including DC-to-AC converters.
